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Why have six-fold symmetry?
Why do proteins that encircle DNA have six-fold symmetry? One
important factor may be the economy in protein mass with which
DNA can be encircled by six globular subunits arranged in a ring.
Ring-shaped oligomeric proteins are involved in a
diverse range of cellular processes. A subset of these pro-
tein oligomers encircle DNA, providing them with two
seemingly opposed properties: the ability to grip DNA
tightly, and the ability to move along the DNA. This
group of proteins includes processivity factors of the
replicative DNA polymerases, DNA helicases and a pro-
tein that resolves Holliday junction recombination inter-
mediates. So far, all proteins examined that can encircle
DNA and translocate along the double helix have been
found to have either true or pseudo six-fold symmetry.
This symmetry is achieved in different ways by proteins
with different oligomeric states - for example, some are
simple hexamers with true six-fold symmetry, whereas
others are trimers of two-domain subunits or dimers of
three-domain subunits with pseudo six-fold symmetry.
Why do proteins that encircle DNA have six-fold sym-
metry, when the DNA they surround does not have a
six-fold axis of symmetry? We offer a possible explana-
tion based on the economy of the protein mass needed to
encircle DNA.
The first protein found to have a ring shape was the 3
subunit of Escherichia coli DNA polymerase III holo-
enzyme, which acts as a DNA 'sliding clamp' during
chromosomal replication. The crystal structure of 13 [1]
showed that it forms a ring with a central cavity 35 A in
diameter for encircling DNA (Fig. la). The 3-subunit
ring tethers DNA polymerase III to DNA, ensuring that
its enzymatic activity has the requisite high degree of
processivity (in other words, ensuring that the enzyme
moves along the DNA catalyzing multiple polymeriza-
tion reactions without falling off its template) [1,2].
Although is only a dimer with a two-fold axis of
symmetry, it has a high degree of internal symmetry that
gives it a six-fold appearance [1]. The symmetry derives
from the way each 13 subunit is constructed from three
globular domains, each of which has the same polypep-
tide chain fold, suggesting that 13 evolved via gene fusion
events from a protein the size of one domain.
Eukaryotes also use a circular sliding-clamp protein for
chromosome replication - proliferating cell nuclear
antigen (PCNA), the processivity factor of the DNA
polymerase 8 holoenzyme. PCNA also forms a ring with
pseudo six-fold symmetry [3], and the inner and outer
diameters of the PCNA ring are similar to those of the 3
ring (Fig. lb). Furthermore, each PCNA subunit is made
up of domains with chain topologies very similar to those
of 3, suggesting that the proteins are evolutionarily
related and their basic structure has been conserved since
the divergence of prokaryotes and eukaryotes. The
pseudo six-fold symmetry of PCNA has, however, a
somewhat different basis from that of 3: rather than
being a dimer like 3, PCNA is a trimer, each subunit of
which has two globular domains.
Another class of proteins with members that have been
shown to encircle DNA is the helicases. The E. coli
branch-migration protein RuvB has DNA helicase activ-
ity and catalyzes the movement of Holliday junctions
during general genetic recombination. Electron micro-
graphs show that RuvB encircles the DNA double helix,
and three-dimensional image reconstruction analysis
shows that it is organized into two hexameric rings (Fig.
2a) [4]. Gene protein 4 of bacteriophage T7 functions as
a helicase and a primase during replication of the T7
genome. Gene 4 protein is expressed in two forms: one,
Fig. 1. Crystal structures of sliding
clamps of DNA polymerases. Ribbon
representations of the polypeptide back-
bones of (a) a dimer of the E. coli DNA
polymerase subunit [1], and (b) a
trimer of yeast PCNA [3]. Strands of 
sheet are shown as flat ribbons, and 
helices are shown as spirals. The sub-
units within each ring are distinguished
by different colors.
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Fig. 2. Three-dimensional reconstruction
of two DNA helicases: (a) a RuvB do-
decamer [4], and (b) a gp4B hexamer [6].
gp4A, has both helicase and primase activities; the other,
gp4B, is truncated at the amino terminus relative to
gp4A, and has only helicase activity. Both gp4A and gp4B
appear to form hexamers that can encircle single-stranded
DNA (Fig. 2b) [5,6]. The large-T antigen of simian virus
40 (SV40), a DNA tumor virus, binds the viral replica-
tion origin and unwinds the DNA locally. Electron
microscopy showed [7] that large-T antigen binds to the
SV40 origin as two units, each with a mass equivalent to
six protein molecules, which were interpreted as being
two DNA-encircling hexameric rings [8].
It seems reasonable to expect that other proteins involved
in DNA metabolism will also turn out to form rings that
surround their DNA substrate. Good candidates are gene
45 protein, the DNA sliding clamp of phage T4 repli-
case; the E. coli replicative helicase DnaB, which has been
shown to be active as a hexamer; components of the tran-
scription machinery in eukaryotes and prokaryotes; and
subunits of the eukaryotic origin-recognition complex.
The recently determined crystal structure [9] of another
type of DNA-binding protein, Gal6, a bleomycin hydro-
lase, shows that it too has six-fold symmetry, but as yet
there is no direct evidence that Gal6 binds DNA by
encircling it.
It would seem that most, and perhaps all, proteins that
encircle DNA have at least pseudo six-fold symmetry.
Why should this be so? We suggest that the explanation
may lie in economy of protein mass - in particular, the
way the symmetry and aggregation state of an oligomer
determines the size its subunits have to be for it to encir-
cle DNA. Assuming a spherical shape, the subunit size
needed for an oligomer to surround DNA decreases as
the aggregation state of the oligomer increases (see box).
In the box, the mass values for spherical subunits that
oligomerize to form rings with a central cavity 34 A in
diameter (the size of the central cavity of PCNA) are
calculated for oligomers with from three to eight subunits.
The subunit size required for a trimer to encircle DNA is
over 4 MDa, and therefore over 12 MDa of protein mass
would be needed to form a trimer in the shape of a ring.
PCNA, of course, is a trimer with a total mass of only
86.7 kDa but, as explained above, its component subunit
has two very similar domains, so for our purposes the
protein may be more appropriately classified as a hexa-
mer. A tetrameric ring would require subunits of
235 kDa to encircle DNA, giving an aggregate size of
nearly 1 MDa. Subunits of a pentameric ring need only
be 48.5 kDa to encircle DNA, and those of a hexamer
ring only 16.7 kDa, close to the size of the domains in P
and PCNA. 16.7 kDa is also close to the observed aver-
age size of single domains in protein structures [10],
which may be another reason why the hexamer arrange-
ment appears to be common. For yet-higher-order
oligomers, even less protein mass would be needed to
form rings with an inner diameter of 34 A. Perhaps sub-
units smaller than a typical domain would lack sufficient
structure to produce a stable oligomer. It is important to
note that the subunits of DNA helicase rings are larger
than the size of a typical domain. Indeed, three-dimen-
sional image reconstitution shows that both RuvB and
T7 gp4B consist of at least two domains; presumably one
domain contains the helicase activity.
Protein complexes that form rings but do not encircle, or
do not translocate along, DNA may exist in other
oligomeric states. Most of such complexes have a central
cavity that is larger or smaller than that needed to accom-
modate DNA comfortably. Examples of rings with
oligomeric states greater than six include the proteasomes,
which form rings with seven-fold symmetry (see [11], for
example), and the chaperonins, which have been shown
to form rings of seven, eight or nine subunits (reviewed
in [12]). The diameters of the central cavity of these
higher-order rings are 45 A or greater [13-15], in keep-
ing with a general correlation between number of ring
subunits and the inner diameter of the ring (see box).
Other ring-shaped protein oligomers have oligomeric
states of less than six. For example, several bacterial
ADP-ribosylating toxins, including pertussis toxin and
cholera toxin, are pentamers of subunits with molecular
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weights in the range of 8-22 kDa, which surround a
central pore (reviewed in [16,17]). The central cavity
formed by the pentamer of heat-labile enterotoxin [18]
has a maximal diameter of 15 A, too small to accommo-
date double-stranded DNA (which in the B-form has a
diameter of about 20 A).
There are two known cases of proteins that probably sur-
round DNA but do not translocate along the helix axis,
and in both instances the proteins lack six-fold symmetry.
One of these two proteins is topoisomerase I: the crystal
structure of an amino-terminal fragment of topoiso-
merase I [19] shows that the polypeptide chain folds to
produce a cavity with an average diameter of 27 A,
which probably accommodates DNA. The other is the B
subunit of DNA gyrase: the crystal structure of an
amino-terminal fragment of this DNA gyrase subunit
[20] shows that it forms a homodimer with a central cav-
ity of 20 A diameter. As these enzymes are not thought
to translocate along DNA, perhaps the higher-order
symmetry observed for sliding clamps and some helicases
is required for motion along the DNA.
One possible reason why higher-order rings are not
used by proteins that encircle DNA - at least no exam-
ples are known at this time - is that the stability ol;the
oligomer may decrease as the number of protomers
increases, because of the greater probability of a subunits
dissociating from the structure. This is expected to be
especially true for a ring-shaped oligomer. In ring-
shaped oligomers, each subunit contacts only two adja-
cent neighbors, so upon loss of one subunit, the
adjacent subunits will only contact one other subunit,
leading to further dissociation and cooperative disassem-
bly of the entire ring. Not only will dissociation of a
subunit from the ring be more probable as the number
of subunits in the oligomer increases, but the rate of
ring reassembly from individual subunits will decrease
with oligomer complexity, as more subunits must col-
lide in a small time frame to assemble and lock the
1242 Current Biology 1995, Vol 5 No 11
oligomer into a stable, closed ring structure (in which
each subunit contacts two other subunits).
Why did the six globular subunits of DNA sliding clamps
fuse during evolution so that they assemble into rings of
two or three subunits, instead of simply remaining as six
individual subunits like some of the helicases? One major
difference between helicases and the DNA sliding clamps
is that the latter do not assemble onto DNA by them-
selves, but require a second protein factor, and the energy
of ATP, to get on and off DNA [21,22]. In contrast, the
helicases RuvB and gp4 appear capable of assembling
onto DNA by themselves [4,6]. The need for assistance in
getting on and off DNA implies that the interfaces of the
sliding clamps are relatively tight. Why sliding clamps
should require other proteins is an open question. Perhaps
this requirement serves a regulatory role, as processive
replication can not commence until the clamp is properly
assembled onto DNA. Whatever the reason, one way to
ensure that the sliding clamps do not get on and offDNA
by themselves is to have a stable ring structure, and as dis-
cussed above, the more subunits needed to complete a
ring, the more it will tend towards instability. Hence, the
increased stability of a ring with fewer subunits may have
driven the fusion events that appear to have occurred
during the evolution of DNA polymerase sliding clamps.
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